We reported previously that spline interpolation is eŠective as a pretreatment before analyzing clinical data by time series. However, further improvement is required to understand the detailed tendency of clinical data. In this study, the tendency of interpolated hematological data was investigated in the period between the most tolerated dose (MTD) and low-dose chemotherapy (LDC) for colorectal cancer. All patients were received both MTD and LDC. Hematological data, white blood cell count (WBC), red blood cell count (RBC) and mean corpuscular volume (MCV), were interpolated. The accuracy of interpolation was veriˆed using leave-one-out cross-validation. The diŠerence, D i , was calculated from interpolated data and exhibited as a function of time. The predictions of RBC and MCV were accurate with high correlation coe‹cients, although the interpolation of WBC data was inaccurate. A marked diŠerence was observed in the trend of D i between LDC and MTD periods. SD-RBC showed signiˆcant diŠerences between LDC and MTD periods. The SD-MCV average in the LDC period was larger than in the MTD period. SD-MCV showed no signiˆcant diŠerence. An attractor plot of D i in RBC clariˆed the tendency of the interpolated RBC data. There is a possibility that D i of RBC and/or SD-RBC may contribute to monitoring adverse reactions and decision of medication. Moreover, it is also useful to check on attractor plot of D i in RBC together with SD-RBC in order toˆnd out untoward reactions and decision of medication.
INTRODUCTION
When patients receive chemotherapy, many clinical tests are performed. In order to prevent adverse eŠects, liver, renal and bone-marrow function should be checked. In particular, bone-marrow function is important because chemotherapy usually causes hematotoxicity. Furthermore, it is crucial to understand the time-course tendency of blood test results, which may be understood according to data plots over time; however, objective evaluation of this tendency is di‹cult because of the low frequency and irregular intervals of tests under the pragmatic medical treatment of outpatients. We reported previously that spline interpolation is eŠective as a pretreatment before analyzing clinical data of patients with gastric cancer by time series. 1) Spline is a piecewise polynomial function that is connected smoothly and has several continuous derivatives. It passes exactly through each vertebral point (i.e., it has zero errors locally around the chosen points). 2) Furthermore, it was indicated that red blood cell count (RBC) data can be predicted precisely every seven days by spline interpolation, and interpolated RBC is an important factor that can identify hematotoxicity. To predict untoward reactions to chemotherapy, it could be required to analyze hematological data by using an advanced analytical method. Hematological data of the patients with metastatic colorectal cancer (mCRC) were employed in this study, because a large number of clinical data of mCRC with chemotherapy were available in our facilities compared with those of gastric cancer which had been reported in the previous article. 1) In a few cases of gastric cancer, it was di‹cult to evaluate relative merits of spline interpolation with diŠerent algorithms. In this study, however, an appropriateness of spline interpolation with diŠer-ent algorithms can be evaluated because of su‹cient number of mCRC data.
Chemotherapy for colorectal cancer has greatly improved recently, and patients with mCRC have a life expectancy of 6 months. 3) Combination therapy of 4, 5) Furthermore, FOLFOX combined with bevacizumab prolonged OS over 20 months; 6) however, it is known that adverse reactions, neutropenia, peripheral neuropathy, diarrhea, vomiting and so forth are frequently caused by FOLFOX. 7) It is thought that combination therapy at a MTD results in a low quality of life (QOL). LDC, such as metronomic chemotherapy, is applied when patients refuse or cannot tolerate MTD. Metronomic chemotherapy, which is a chronic low-dose administration schedule, has been recognized as a therapy with minimum toxicity. 8, 9) Although LDC has a relatively low evidence, marked e‹cacy has been demonstrated in a few cases. The dosage as decided empirically since there was no marker to establish the optimal dose of LDC. 8, 10) It is important to monitor therapeutic activity early during the course of treatment; because it is thought that the curative eŠect is related with its toxicity, it is meaningful to evaluate the tendency of hematological data over time.
In this study, in order to show clearly which algorithm is the most suitable among the available spline types, the leave-one-out cross-validation (LOOCV) of spline interpolations was studied. Hematological data of individual patients with mCRC were interpolated. The tendency of interpolated data was estimated by the rate of change in order to study diŠerences in the period between MTD and LDC for mCRC. Furthermore, an attractor plot was applied as time series analysis.
METHODS

Patients and Chemotherapy
Previous hematological data of 10 patients with mCRC were accumulated and are summarized in Table 1 . All patients were treated at Tokyo Women's Medical University Medical Center East and had received both MTD and LDC. All MTD regimens included oxaliplatin, 5-‰uorouracil (5-FU), and leucovorin. And these were m-FOLFOX6, shown in Fig. 1 (Taiho Pharmaceutical Co. Ltd., Tokyo, Japan) containing tegafur, 5-chloro-2,4-dihydroxypyridine (CDHP) and potassium oxonate (Oxo), and 80 mg/ biweek (day 1, 15) of irinotecan (CPT-11). S-1 and CPT-11 regimens were prescribed for patients regardless of the body surface area. S-1 was administrated twice daily for 21 days, followed by a 7-day washout period.
This study was approved by the ethics committee of Tokyo Woman's Medical University.
Spline Interpolation Hematological data, WBC, RBC and MCV, were interpolated. The prediction interval was every seven days. The accuracy of prediction had a markedly shorter interval than the actual measurement; therefore, the prediction interval was determined in consideration of the life period and nadir intervals of blood cells.
The algorithms (biharmonic, thin-plate, and cubic spline) were discussed to decide which is suitable for spline interpolation of laboratory data. Green functions are used for interpolation of multi-dimensional data points in biharmonic and thin-plate algorithms. 11, 12) The thin-plate algorithm is superior for interpolating observational data, including experimental errors, since interpolated data are rectiˆed by thin-plate approximation. 13) On the other hand, cubic splines interpolate the data with piecewise cubic polynomials. The use of low-order polynomials is especially attractive for curveˆtting because they reduce the computational requirements and numerical instabilities that arise with higher degree curves. 14) dataNESIA(Yamatake Corp., Tokyo, Japan), computer software for experimental data analysis, was used for spline interpolation. The leave-one-out cross-validation (LOOCV) method was carried out using software preinstalled in dataNESIA . In order to determine the optimal method, various spline algorithms were investigated. The correlation coe‹-cients of thin-plate, biharmonic, and cubic spline interpolation were compared.
Calculation of D i and SD of D i In order to emphasize the tendency of interpolated data, a diŠerence
] was calculated and exhibited as a function of time. Since spline data were obtained at regular 7-day intervals, the D i value serves as a rate of change. Moreover, the standard deviation (SD) of D i was calculated as an index of variance of D i . The populations of SD of D i in LDC and MTD were analyzed by the unpaired Welch's t test, accounting for unequal variance.
Attractor Plot The attractor plot of D i in RBC is constructed by joining points deˆned by the time between a set of data (D i , D i＋1 ) and subsequent data
RESULTS
Predictive Accuracy of Spline Interpolation
Three algorithms of spline interpolation were examined. The correlation coe‹cient in LOOCV when interpolating hematological data by the spline of several algorithms is shown in Table 2 . The values of cubic spline were obviously higher than those of other algorithms. The correlation coe‹cients of thin-plate and biharmonic algorithms were almost identical for each inspection item.
Typical examples of data measured and predicted by spline interpolation are shown in Fig. 2 . Although the interpolations of WBC data were inaccurate, the predictions of RBC and MCV were accurate with high correlation coe‹cients. These results were similar to our previous report. Typical examples (case 1) of predicted outcomes and LOOCV are shown in Fig. 3 . The prediction was made every 7 days.
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Vol. 131 (2011) shown in Figs. 6 and 7. The periodicity of RBC was matched with the medication timing until 4th LDC course, as for D i of RBC; however, the cycles gradually became longer than the medication times. By contrast, no such phenomenon was seen for the D i of MCV. During MTD, just after the administration of mFOLFOX6, rapid reduction of D i of RBC was observed. Although weak, this phenomenon was observed also in the D i of MCV (Fig. 7) .
D i also showed the same features in other cases; the ‰uctuation was very small in two cases (cases 2 and 6), but periodicity could be found.
SD of D i Table 3 and Fig. 8 show the SD of D i of RBC (SD-RBC) and D i of MCV (SD-MCV). SD-RBC in the MTD period was larger than in the LDC period in all cases. SD-RBC showed signiˆcant diŠer-ences between LDC and MTD periods. Five cases had larger SD-MCV in the MTD period than in the LDC period. The SD-MCV average in the LDC period was larger than in the MTD period. SD-MCV showed no signiˆcant diŠerence.
Attractor Plot
Typical example for attractor plots of D i in RBC are shown in Fig. 9 . These three cases have a comparatively long observation period. The plots were attracted near zero both in MTD and LDC. However, it was observed that the plot concentrated on the narrower range in LDT. 
DISCUSSION
The time course of hematological data in 10 patients with mCRC was examined. The administration dose of FOLFOX in this study was lower than the usual dose; however, anemia is sometimes observed in patients with a lower administration of FOLFOX. Most adverse eŠects are not observed in patients with a low-dose combination of S-1 and CPT-11; thus, FOLFOX in this study could be categorized for MTD. Moreover, one patient received combination therapy of biweekly oxaliplatin: 60 mg/ m 2 , and weekly 5-FU/LV: 500 mg, 25 mg/body. This was also judged to be MTD.
Study of the Algorithm of Spline Interpolation
In our previous report, many items in the blood test were interpolated by cubic spline and the prediction accuracy was validated by LOOCV. However, study of the algorithm was not performed since we treated a few cases in the report. In order to show clearly which algorithm is the most suitable, the LOOCV of spline interpolations with some available algorithms was studied. As seen in Table 2 , the correlation coe‹-cients of biharmonic and thin-plate splines were almost identical in all inspection items and patients. The values of cubic spline were superior to these of other algorithms, although they might be diŠerent when the correlation coe‹cient was very low (cf. WBC in cases 5, 7 and 8). In particular, higher correlation coe‹cients using cubic spline than other algorithms in RBC were obtained in cases 1 and 8. It was found that cubic spline was the best algorithm to interpolate the time course of hematological data in this study. The third-order polynomial equation is used as a basic algorithm of cubic spline interpolation. On the other hand, a boundary element method is used in both biharmonic and thin-plate spline interpolations. It can be thought that the third-order polynomial equation was better suited for approximation of RBC and MCV data. When considering each inspection item, the correlation coe‹cient was high in the order of MCV, RBC, and WBC. MCV, which has been used to diagnose anemia, was adopted because the values of MCV were more accurately interpolated than those of RBC. It was thought that monotonic changes such as MCV and RBC were well-predicted, while data showing great deviation such as WBC were rather di‹cult to predict; therefore, bone-marrow function was investigated hereafter by using data of RBC and MCV.
Relation between D i and Administration of Chemotherapy
The tendency of the time course data was clariˆed by calculating D i . Figure 4 shows the time course of D i of RBC in case 1. During LDC, periodicity was observed with a slow, slight swing, whereas during MTD, large and frequent oscillation was observed. The periodicity of D i of RBC was not in agreement with administration during LDC, but rather during MTD.
The periodicity during LDC was weak in two cases. The existence of periodicity may relate to eŠect of LDC to bone-marrow function. However, it remains unknown how periodicity is related with bone-marrow function. When more cases are accumulated, individual evaluation may clarify this link.
Evaluation of Bone-marrow Function Using SD of D i and Attractor Plot of D i in RBC
In our previous report, it was discussed whether interpolated RBC is useful to evaluate bone-marrow function, and the attractor plot was used as an evaluation method; however, a phenomenon cannot be expressed numerically by only an attractor plot. In order to improve this problem, we introduced D i , which indicates the change rate of hematological data, and the tendency was emphasized. Usually, a signiˆcant diŠerence in SD is not identiˆed, but was included because SD was treated as a parameter in this report. As shown in Fig.  8 , MTD which markedly damaged bone-marrow function increased SD-RBC more than LDC. It is thought that SD-RBC was related with the eŠect of chemotherapeutic drugs, even if many factors aŠect-ed bone-marrow function. This change, which is not easily visible by only actual measurement, could be identiˆed by spline interpolation and computed SD-RBC.
On the other hand, there was no signiˆcant diŠer-ence in SD-MCV. Oscillation was observed in D i in MCV, although it was smaller than SD-RBC. No regular eŠect of chemotherapy on MCV was seen, although the diŠerence may be dependent on other parameters.
Moreover, RBC data was evaluated by attractor plot of D i in RBC as a time series analysis. See Fig. 9 , narrow plot area means stable data. In short, it is considered that the eŠect of chemotherapy to bone-marrow is weak. Narrower plot area was observed in period of LDC than MTD. Actually, anemia appears hardly in LDC. Although it does not indicate whether the value is increasing or decreasing, attractor plot of D i can clarify how much the values are vibrated. The meaning of attractor plot of D i is similar with SD of D i . However, attractor plot is expected to be a key which understands the tendency of laboratory data rather than SD. Temporary and wildly change of RBC was observed in the attractor plot of case 4. It is considered very important in clinical medication to observe such a period. Accordingly, attractor plot of D i is better than SD of D i in order toˆnd out critical changes of hematological data as a function of time.
Prospects of D i When bone-marrow suppression caused by chemotherapy is evaluated, it is di‹-cult to identify the tendency using WBC, and it can be recognized from the results that WBC was incorrectly interpolated by cubic spline in this study. It is thought that slightly changing data could be well-predicted and were suited to identifying their tendency; however, MCV well-predicted by spline interpolation did not lead to useful parameters. D i of RBC and SD-RBC seem to be promising factors to evaluate bonemarrow function. As described in the Introduction, the dosage of LDC is decided empirically since there is no marker to establish the optimal dose. Antiangiogenic e‹cacy appears to be optimized by LDC. 10) Some metronomic regimens can have surprisingly potent antitumor eŠects in preclinical models compared with the respective MTD regimens, despite being less toxic; however, a signiˆcant disadvantage is the absence of establishing the optimal dose and in monitoring therapeutic activity early during the course of treatment. It is considered that the curative eŠect is related with toxicity. Recently, it was reported that survival correlated with the occurrence and severity of a rash with the molecular target drug. 15, 16) It is important to observe side eŠects carefully and to manage their symptoms, as this may enable patients to continue receiving therapy without dose interruption or discontinuation. There is a possibility that D i of RBC and/or SD-RBC may contribute to monitoring untoward reactions and decision of medication. The relationship between the occurrence of adverse reactions and the parameters in patients with MTD administration is interesting. Moreover, observing attractor plot of D i in RBC may become an approach to know the change in state of bone-marrow function early.
CONCLUSION
In this study, hematological data of 10 patients with mCRC were interpolated. The correlation coe‹cients of cubic spline were obviously higher than those of other algorithms. Periodicity was observed during LDC in all cases but weak in 2 cases. SD-RBC during MTD was larger than during LDC in all cases. It may be useful to check on attractor plot of D i in RBC together with SD-RBC in order toˆnd out untoward reactions and decision of medication.
